MoO 2 microparticles are an active catalyst for the 5 electrochemical reduction of CO 2 in organic solvents such as acetonitrile and dimethylformamide. The catalytic activity and product selectivity depend on temperature and water content of the solvent.
concentration in the earth's atmosphere due to the combustion of fossil fuels is a main contributor to the current climate change. On the other hand, CO 2 can be considered as an abundant and inexpensive carbon feedstock, especially if carbon sequestration is required for future fossil fuel-based power stations.
1 15 Electrochemical reduction of CO 2 to form useful chemicals or fuels is a potentially efficient method of CO 2 utilization and recycling. However, the kinetic inertness of CO 2 and the possibility of multiple products necessitate selective and energyefficient catalysts for CO 2 reduction. [2] [3] [4] A large number of metal 20 electrodes have been studied for CO 2 reduction in both aqueous and organic solutions. 2, 5, 6 Among those, coinage metals Cu, [7] [8] [9] [10] [11] Au, 12 and Ag 13 draw much recent attention. In addition, Bi is shown as a selective catalyst for CO 2 reduction in acetonitrile (MeCN).
14 Reports of metal oxides as catalysts for CO 2 reduction 25 are, however, scarce. Kanan and co-workers reported that tin oxide significantly enhanced the CO 2 reduction activity of tin electrode, suggesting that metal oxides are promising candidates for CO 2 reduction. 15 Our interest in Mo-based electrocatalysts [16] [17] [18] led us to study the activity of MoO 2 for CO 2 reduction. We found 30 that MoO 2 indeed catalyzed CO 2 reduction in organic solvents such as MeCN and dimethylformamide (DMF). Herein we describe the activity and product selectivity of this new catalytic system. The MoO 2 particles used in this study have an average size of 35 30 µm ( Figure S1 , ESI). According to powder X-ray diffraction (XRD), monoclinic MoO 2 is the only crystalline phase present in the particles ( Figure S2 , ESI is eight-fold higher than in water. 19 A Pb pellet with 20 wt% MoO 2 was used as the working electrode. At RT, a significant catalytic current for CO 2 dependence of activity is probably partially due to the difference in CO 2 solubility, although more study is required to elucidate its origin. It was previously reported that in MeOH + KOH electrolyte, the reduction of CO 2 by Au was more selective at low temperatures than at RT due to the suppression of hydrogen 70 evolution at low temperatures. 20 However, in that system, the partial current density for CO 2 reduction still decreased at low temperatures, which is opposite to what is observed in the current system. Figure S4 , ESI shows the time-dependent current response of potentiostatic electrolysis measurements of a MoO 2 -modified Pb (a), ESI). The current density remained at -20 mA/cm 2 during the electrolysis, indicating a good stability. Additionally, a galvanostatic electrolysis at -8.3 mA/cm 2 was conducted during 3 h; the electrode potential remained at -2.4 V vs. Fe/Fc + ( Figure  S6(b) , ESI), again indicating a good catalytic stability. 20 During electrolysis at -20 o C, gas evolution around the electrode was visible. Analysis of the headspace of the electrolysis cell by gas chromatography confirmed the formation of CO. The liquid phase was analysed by ion chromatography (IC) to detect oxalate and formate (Tables S1 and S2, ESI). These 25 products (CO, oxalate, formate) were not detected when the electrolysis was conducted in N 2 -saturated solution (Figure S5  and Table S3 , ESI), confirming that they originated from catalytic CO 2 reduction.
The electrolysis was conducted at three different potentials. 
CO might be produced via two different pathways: one involves the protonation of CO 2 •-by trace water or the solvent (eq. 3), while the other involves the reaction of CO 2 •-with CO 2 to give CO and carbonate (eq. 6). Formate, on the other hand, can 55 only be produced with a proton source (eqs 7-8). It follows that water content of the solvent will have an important influence in the product formation. This influence was then investigated by addition of a known amount of water to the electrolyte solution. At RT, addition of even a small amount of water (0.1 M) led to 60 predominant formation of H 2 ( Figure S7 and Table S2 , ESI). At -20 °C, however, water promotes MoO 2 -catalyzed CO 2 reduction. increase in water concentration. At a low water concentration, only a small amount of formate was produced; at 1.4 M water concentration, the FE of formate reached 55%. As water promoted the formation of CO and formate, the FE of oxalate decreased as more water was present. Even though water should 5 be beneficial for hydrogen evolution and indeed some H 2 was produced upon addition of water, the FE of H 2 did not exceed 20% even at 1.4 M water concentration. Overall, the data in Figure 4 suggests that when water is present, formation of CO and formate is competing against one another. At a low water 10 concentration, eq. 3 is favoured and CO is the main product. At a high water concentration, eq. 7 is favoured and formate is the main product.
It was earlier reported that Mo metal was active for CO 2 reduction in water. 22 conducted to test this possibility. First, the MoO 2 /Pb electrode was subjected to CO 2 reduction for 3 h and then characterized by XRD. Figure S8 , ESI shows that diffraction patterns corresponding to MoO 2 remained after electrolysis, and no significant peaks corresponding to Mo was observed. Second, a 25 Mo metal rod electrode was tested for CO 2 reduction under the same conditions. However, no significant catalytic current was observed either in polarization measurements ( Figure S9 , ESI) or in potentiostatic electrolysis at -2.6 V vs. Fe/Fc + ( Figure S10 , ESI). These results largely rule out the possibility that in-situ 30 produced Mo metal acts as the catalytically active species.
After confirming the role of MoO 2 in the catalysis, we probed the role of the electrolyte. This was motivated by earlier reports that organic molecules could serve as co-catalysts and mediators for CO 2 reduction. 4 For example, Bockris and Wass showed that 35 tetraalkylammonium cations could mediate one-electron reduction of CO 2 by forming radical intermediates. 23 We found a similar activity for the reduction of CO 2 when the TBAPF 6 electrolyte was replaced by TBAClO 4 ( Figure S11(a) and Table  S5 , ESI). On the other hand, no significant CO 2 reduction activity 40 was observed when the TBAPF 6 electrolyte was replaced by LiClO 4 ( Figure S11(b) and Table S5 , ESI). These results indicate an important role of TBA cations in the catalysis. We propose that TBA + act as a one-electron mediator to promote the reduction of CO 2 by MoO 2 .
45
The overpotential of the current system is also evaluated. Savéant and co-workers calculated the thermodynamic potential of CO 2 reduction to CO to be at -0.89 V vs. saturated calomel electrode (SCE) in MeCN, which is equivalent to -1.29 V vs. The activity of MoO 2 towards CO 2 reduction was then studied in DMF. Figure S12 , ESI shows that catalytic waves for CO 2 reduction were observed at both o C. Again the activity is higher at -20 o C. The onset potentials were about 2.0 V 70 vs. Fc/Fc + at both temperatures. Electrolysis was conducted in DMF as well (Table S4, ESI) . CO, formate, and oxalate were produced at both RT and -20 o C. At RT and -2.45 V, the major product was CO (50%) and formate (41%); at -20 o C at -2.45 V, the major product was also CO (40%) and formate (41%). When 75 water was added, a significant amount of H 2 was produced at both temperatures. MoO 2 was also tried for CO 2 reduction in water. However, hydrogen evolution was the main reaction.
In conclusion, the catalytic activity of MoO 2 , a readily available metal oxide, for electrochemical CO 2 reduction is 80 reported for the first time. The onset overpotential for CO 2 reduction in MeCN is below 200 mV. The activity is much higher at -20 o C than at RT, and this activity is promoted by a small amount of water. The selectivity of CO 2 
